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Abstract
Surface acoustic devices have been shown to be suitable not only for signal processing but also for sensor applications. In this paper high
temperature surface acoustic wave devices based on gallium orthophosphate have been fabricated, using a lift-off technique and tested for
high frequency applications at temperatures up to 600 ◦C. The measured S-parameter (S11) has been used to study the mass loading effect of
the platinum electrodes and turnover temperature of GaPO4 with a 5◦ cut. The analysis of these results shows that the mass loading effect can
be used to predict the desired resonant frequency of the SAW devices. Also two different adhesion layers for Pt metallisation were studied.
Our results show that Zirconium is a more suitable under layer than Titanium.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction
The surface acoustic wave (SAW) effect has been used
as the main principle for devices that have been successfully
applied to the processing of electrical signals for more than
30 years. They are particularly prevalent in the telecom-
munication industry because of their high performance,
small size, and high reproducibility. Also due to their high
accuracy and crystal stability over time, SAW devices are
suitable for sensor applications such as pressure sensors,
biosensors, temperature sensors and mass sensors.
With the correct choice of materials it is possible to fab-
ricate SAW devices that are capable of operating in high
temperature environments up to 600 ◦C. When operating fre-
quencies are inside the ISM-band (around 434MHz), they
are of interest to industrial sectors such as aerospace, power
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plants, chemical and petrochemical plants and the nuclear
sector. The overall performance of these devices in high tem-
perature applications depends greatly on the choice and cut
of the piezoelectric material and the metallisation used [1].
To fabricate the devices that will operate at the frequen-
ciesmentionedabove,themassloadingeffectoftheelectrode
masshasbeenstudied.Byaddingorreducingthemassofthe
electrodeaconvenientmeansoffrequencyadjustmentcanbe
achieved[2,3].Butthedevicestabilityespeciallyathightem-
peratures and in harsh environments also needs to be investi-
gatedduetochangeinperformanceundersuchconditions[4].
From a study carried out by Lewis [5], the mass loading
effect of a typical piezoelectric plate resonator consisting of
a piezoelectric substrate disk, such as quartz with metallic
electrodes on the top and bottom, can be written as
R =
ρete
ρsh
=
f − fe
f
(1)
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Table 1
Resonant frequency vs. Pt thickness
Sample Under layer
metal
Platinum
thickness (nm)
Resonant
frequency
(MHz)
W1 135 399.05
W2 Ti 72 433.90
W3 76 439.70
W4 94 424.90
W5 Zr 75 434.90
W6 72 436.79
whereρe andte aretheelectrodeslayerdensityandthickness,
ρs and h are the mass density and height of the piezoelectric
substrate.
Inourcase,theelectrodesoftheresonatorwerefabricated
as an interdigital transducer (IDT) grating consisting of two
different layers of material (Pt with a Ti under layer). So Eq.
(1) has been modiﬁed [6] to
R = const.

ρiti
λ
2
(2)
whereρi andti arethedensityandheightofthelayerforming
theIDTgratingandtheconstantisequalto0.455(gcm−3)−2,
which has been calculated from the research studies per-
formed by Bigler and Briot [7] for surface transverse waves
with Al or gold on GaPO4.
By using this equation the numerical predictions of the
resonant frequencies of the devices can be calculated and
compared with the experimental results.
2. Fabrication and materials
In this paper, a direct write e-beam lithography coupled
withalift-offtechniquehasbeenusedtofabricateinterdigital
transducerswithmaximumdeﬁnitionofthedevicestructure,
without damaging the surface of the substrate as is the case
with ion beam or wet etching techniques [6]. The fabricated
devices consist of two-port resonator with each IDT having
50 ﬁngers, 50 wavelength aperture, 200 strips short circuit
reﬂectors and 1.4m ﬁnger width with a 1:1 ﬁnger to space
ratio.
Fig. 1. S11 parameter vs. resonant frequency.
Fig. 2. Mass loading vs. resonant frequency for (a) Ti under layer and (b)
Zr under layer.
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Fig. 4. Temperature dependence of W6 with Zr under layer.
A new piezoelectric crystal, gallium orthophosphate
(GaPO4), has been used as the substrate for fabrication. The
GaPO4 crystal has a higher electromechanical coupling fac-
tor then quartz, lower SAW velocity and a retention of its
piezoelectric properties over a very wide temperature range
(upto930 ◦C),whichmakesthismaterialabetterchoicethan
quartz for high temperature piezoelectric devices [8].
The resonant frequency of GaPO4 is less sensitive to the
cut angle θ, which means that it has lower angular sensitiv-
ity and by having a larger bandwidth, the resonant frequency
can vary within a wider range [9]. In this work, a new cut of
GaPO4 crystal orientation has been used, which is known as
Y-Boule orientations with a 5◦ cut. An additional advantage
of the GaPO4 devices is their self-cleaning property when
Fig. 5. Long-term resonant frequencies stability of (a) W1 and (b) W2 with
Ti under layer.
theyareheatedupto600 ◦C[10].Thesurfaceoftheresonator
isautomaticallycleanedwhileoperatingathightemperature.
To date, sizes of 3.5cm×4.5cm GaPO4 crystal wafers were
available which are the largest size wafers available world-
wide. This facilitates the fabrication of devices with ﬁne fea-
tures when compared to the earliest size of the crystal wafers
studied for this application (from 1 to 4cm2 depending on
the crystal cut) [11].
Platinum (Pt) has been chosen for the electrode metalli-
sation because of its high melting temperature (1768.3 ◦C),
resistance to oxidation and nearly constant bulk resistance
temperature coefﬁcient. For good adhesion, a titanium (Ti)
or zirconium (Zr) under layer between the Pt and the GaPO4
wafer was used for the study. Three different Pt thickness as
showninTable1withtheconstant20nmTiunderlayerhave
been used as a metallisation to study the mass loading effect
and compare it with numerical predictions. Also in Table 1,
three different Pt thicknesses with the constant 10nm Zr un-
der layer were used for the same study.
Fig. 6. The corrosion of a Ti under layer for SAW devices kept at (a) 600 ◦C
for 192h and (b) 800 ◦C for 120h.406 M.N. Hamidon et al. / Sensors and Actuators A 123–124 (2005) 403–407
3. Results
By observing the S11 parameter, the change in resonant
frequency with different Pt thickness can be observed and
these are summarised in Table 1 and Fig. 1.I nFig. 2, the rel-
ative mass loading effect (expressed as a percentage change)
due to different thickness is plotted against measured res-
onant frequencies of the SAW resonators, where Fig. 2(a)
with Ti under layer and Fig. 2(b) with Zr under layer. It was
found that by using the effect of mass loading on the reso-
nant frequency of the devices [3], the required operation at
434MHz for ISM-band could be achieved from both under
layers.
Two different Pt thickness (W1 and W2) for the Ti under
layer, in the SAW metallisation were used to study the effect
of thickness on the temperature turnover in the region where
the temperature dependence of the resonant frequency starts
to decrease. It was found that the differences in Pt thick-
ness do not affect the turnover temperature to a great ex-
tent as shown in Fig. 3. Both devices have nearly the same
turnovertemperatureat350 ◦C.ThesampleW6withZrunder
layer has higher turnover temperature at 430 ◦C as shown in
Fig. 4.
In Fig. 5 the resonant frequencies are plotted against time
forW1andW2.Itwasfoundthatthecalculatedrelativedrifts
of the frequencies were 10ppm/h for W1 and 18ppm/h for
W2. One of the reasons for the drift was the gold bonding
due to diffusion of gold wire into the Pt electrodes, which in
turn inﬂuenced the behaviour of both devices [12]. Further
the Ti under layer also oxidised at a high temperature during
long periods of annealing as shown in Fig. 6(a). The sample
was kept at 600 ◦C for 192h and the oxidation was much
more pronounced after 120h at 800 ◦C as shown in Fig. 6(b).
Also in Fig. 5, the decrease of both resonant frequencies for
W1 and W2 is shown against time. This is thought to be due
to gradual diffusion of gold into the IDT pad in addition to
corrosion of Ti under layer at high temperatures as shown in
Fig. 7. SEM picture of W6 after 144h under 600 ◦C.
Fig. 8. Long-term resonant frequencies stability of W6 with Zr under layer.
Fig. 6. By using Zr as an under layer, however, the devices
weremorestableat600 ◦CasshowninFig.7.Theappearance
ofthewhitespecksintheﬁgureindicatesthepresenceofdust
particles, probably from the inner coating of the oven used in
theexperiments.Thepresenceofcavitiesisalsobeenidentify
in Fig. 7, and these are caused by defects within the GaPO4
substrate surface.
In Fig. 8, the resonant frequencies are plotted against time
for W6 and it was found that the calculated relative drifts
of the frequencies was 2ppm/h, which is an improvement
over the samples W1 and W2. Also this value is positive
due to the increasing values of the resonant frequencies.
This also means that the effect of mass loading of the de-
vices was decreased. In this case, there was no diffusion be-
tween the wire and the pads because Pt wire was used for the
bonding.
4. Conclusions
In this work, a model of the mass loading versus resonant
frequencyforPtwithTiandZrunderlayerhasbeenpresented
and compared with the literature. It was found that by using
established theory presented in the literature, the desired res-
onant frequency of the SAW devices could be predicted for
each case.
The high temperature behaviour of the SAW devices has
been studied for the new cut. The S11 parameter has been
shown to be stable over multiple temperature cycles and in-
dependentoftheelectrodethickness.Forimprovedlong-term
stability the thicker Pt electrode is more stable, compared to
the thinner sample due to Au wire diffusion and an oxidation
of the Ti under layer of the electrodes. Devices with Zr under
layer were more stable and further investigations are being
undertaken.
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